Experiments were designed to investigate the effects of target and distractor heterogeneity on the threshold for detection of a color target in a search task. In the first two experiments stimuli were chosen so that the target and distractor stimuli varied along one Cardinal axis in color space, while the target differed from distractors along another Cardinal axis. The Cardinal axis signaling the relevant target-distractor difference was consistent from trial to trial within an experiment. When observers searched for a color target among homogeneous distractors but the color of the target and distractors changed from trial to trial there was a small increase in threshold. When the distractors within a display were heterogeneous, and the target color varied from trial to trial there was a larger and more consistent increase in threshold. Varying stimuli along a Cardinal axis other than the Cardinal axis that differentiates target and distractors can impair performance in visual search tasks. Further experiments showed that the presence of heterogeneous distractors had little or no effect on thresholds when location or color cues indicated that these stimuli were irrelevant to the task. Results suggest that the effect of heterogeneity in these experiments is attentional in nature rather than sensory.
Introduction
The effect of stimulus heterogeneity on visual search has been the subject of many previous studies and these studies provide a rather diverse variety of results and interpretations of heterogeneity effects. Different studies have found that increasing the heterogeneity of the stimuli can hinder performance, have no effect on performance, or improve performance. Results from different studies may vary in part because the heterogeneity in the stimuli has been introduced in different ways in different studies. Treisman (1988) distinguished between target heterogeneity effects and distractor heterogeneity effects and attributed them to different underlying causes. As an example of target heterogeneity effects, Treisman (1988) described experiments in which the same set of homogeneous distractors was presented from trial to trial. Search times for single targets that varied from trial to trial were longer than search times for targets that were consistent from trial to trial. The effect was larger if the targets varied along two different feature dimensions (i.e. color and orientation), than if the targets varied in a single feature dimension (i.e. in color only, or orientation only). Target heterogeneity effects were attributed to the need to attend to different neural ''modules'' coding different feature dimensions. To study distractor heterogeneity effects, Treisman (1988) presented the same target from trial to trial, but the distractors within each display varied. When distractors within each display varied along the same feature dimension (e.g. distractors were red, green, or white) that distinguished the blue target from the distractors (e.g. color), the search times were much longer than search times with distractors that were homogeneous within each display. When the blue target was presented among distractors that varied in orientation rather than color (e.g. green rectangular bars oriented either horizontally or vertically) the heterogeneity had no effect on search times, which were similar to search times with homogeneous distractors. Thus target and distractor heterogeneity had the same effects on the search-relevant dimension but different effects on the search-irrelevant dimension. The effect of distractor heterogeneity along the feature dimension defining the target was attributed to a reduction in the perceptual differences between the target and distractors within the feature coding ''module'' used to discriminate the target and distractors. Target heterogeneity effects were attributed to high-level processes involving the direction of attention while distractor heterogeneity effects were attributed to low-level sensory processes within the feature mechanisms coding the target and distractors. Subsequently, Duncan and Humphries (1989) , Wolfe (1994) , Palmer, Verghese, and Pavel (2000) , and Rosenholtz (1999 Rosenholtz ( , 2001a Rosenholtz ( , 2001b also presented formulations of distractor heterogeneity effects in terms of the coding of sensory differences between targets and distractors and the representation of the stimuli.
Ways in which heterogeneity can vary

Brief review of heterogeneity effects in color search
Target and distractor heterogeneity need not be confined to separate experiments as in the Treisman (1988) studies, and in subsequent studies of heterogeneity effects in color search, various types of target and distractor heterogeneity were sometimes combined within the same experiment. For example, Bravo and Nakayama (1992) investigated a heterogeneity effect that might be regarded as involving heterogeneity in both targets and distractors. In different blocks of homogeneous trials observers searched for a red target among homogeneous green distractors or a green target among homogeneous red distractors. In the heterogeneity condition the two types of displays were randomly intermixed so that both the color of the targets and the homogeneous distractors might change from trial to trial. Searches in homogeneous conditions were consistently about 10% faster than in heterogeneous conditions across several stimulus set sizes for three different observers. Maljkovic and Nakayama (1994) attributed the difference between homogeneous and heterogeneous conditions to priming by a form of involuntary short-term implicit memory. Their explanation of this heterogeneity effect might be regarded as a high-level explanation because it involves short-term memory and the direction of attention rather than sensory-perceptual differences. Alternatively, the increase in response time in the heterogeneous condition in the Bravo and Nakayama (1992) study might be attributed to the possibility that observers needed to attend to different neural color coding mechanisms that code redness and greenness in the mixed condition, while they need only attend to one neural color-coding mechanism in the blocked conditions. DeValois and DeValois (1993), Billock, Gleason, and Tsou (2001) , and Valberg (2001) have recently proposed models of color coding that suggest that red and green may be signaled by different neural mechanisms rather than a single red-green mechanism as suggested by earlier models. The need to attend to larger numbers of noisy signals in larger numbers of neural feature coding mechanisms has been shown to take more processing time (Monnier & Nagy, 2001a; Treisman, 1988) or raise threshold (see Davis, Kramer, & Graham, 1983; Graham, 1989; Monnier & Nagy, 2001b; Palmer, Aimes, & Lindsay, 1993; Palmer et al., 2000) . Palmer and Teller (1993) reported another experiment in which target and distractor heterogeneity were combined in a search accuracy task. In the heterogeneity condition, distractors within each display varied in color appearance, and the color appearance of the target also varied from trial to trial. Eight stimuli were presented on each trial and each stimulus was a different color. The same set of distractor colors was presented on each trial. The variation in the color of the distractors was chosen in a systematic way. For example, in one condition distractors varied in hue or chromaticity but were all set to the same luminance. The targets differed from distractors in luminance or along the third Cardinal axis of color space (see Krauskopf, Williams, & Heeley, 1982) . Targets varied across trials because the increment in luminance could be added to any one of the eight distractor colors. The Cardinal axes in color space are thought to represent independent neural color-coding mechanisms (see Derrington, Krauskopf, & Lennie, 1984; Lennie & DÕZmura, 1988) . Therefore, the variation in the color of the target and distractors should have had no effect on signals in the neural color-coding mechanism that signaled the difference between the target and the distractors, and this color-coding mechanism was consistent from trial to trial. If these mechanisms can be identified as feature maps in TreismanÕs (1988) terminology, we might expect that there should be no effect of heterogeneity in this experiment. However, thresholds were approximately 50% higher in the heterogeneity conditions than in conditions with distractors that were homogeneous within each display and targets that were homogeneous across trials. One possible inter-pretation of this result is that the Cardinal axes of color space do not represent independent feature mechanisms in search tasks. Alternatively, the explanation of target heterogeneity effects and distractor heterogeneity effects suggested by Treisman (1988) may be incomplete. Monnier and Nagy (2001a) investigated target heterogeneity effects in color search experiments. Observers searched for a single, reddish, greenish, bluish, or yellowish target presented among homogeneous white distractors, which were identical across trials. The four different target colors were randomly intermixed within a block of trials. In cued conditions a cue indicating the color of the target was presented prior to each trial. In an uncued condition the observer was uncertain as to the color of the target on each trial. Target color was varied systematically in order to determine if the target heterogeneity effect was independent of the perceptual difference between the target and distractors. In both cued and uncued conditions, search times decreased with increasing perceptual difference between the target and the distractors. Search times were approximately 25% longer in the uncued condition than in the cued condition regardless of the perceptual difference between the target colors and the distractor color. That is the effect of the target uncertainty was independent of the perceptual difference between the targets and distractors. The results were consistent with the idea that target heterogeneity effects were due to high-level mechanisms involved in the direction of attention.
We also investigated the effects of distractor heterogeneity in color search (Nagy, 1999; Nagy & Winterbottom, 2000) . The appearance of the target was consistent from trial to trial in these studies (no target heterogeneity). We found that if the distractors within each display varied along one of the Cardinal axes of color space and the target differed from the distractors along a different Cardinal axis, distractor heterogeneity within each display had either no effect, or a small negative effect, on response time regardless of the perceptual difference between the target and distractors. Results of these experiments were consistent with assumption that Cardinal axes represent independent color-coding mechanisms, as well as the explanation of distractor heterogeneity effects proposed by Treisman (1988) . Nagy and Winterbottom (2000) concluded that distractor heterogeneity had no effect on performance if it had no effect on the sensory signals used to discriminate target and distractors.
Subsequent studies (Nagy & Thomas, 2003; Nagy, Young, & Neriani, 2004) further investigated distractor heterogeneity using a search accuracy task and threshold as a measure of performance. In these studies distractors again varied along one Cardinal color axis and targets differed from distractors along a different Cardinal axis. The target and the set of distractors within each display were consistent from trial to trial. Observers were cued as to which of the distractor colors might contain the target increment along the other Cardinal axis. Different target colors were used in different blocks of trials. Threshold was independent of target color, which was again consistent with the hypothesis that the Cardinal color mechanisms represent independent color-coding mechanisms. Further, when the distractor heterogeneity provided useful information it could actually improve performance relative to conditions with homogeneous distractors. For example, if the distractors varied from deep red through white to deep green in appearance and observers knew that the target was a slightly reddish stimulus that contained some blueness, observers could use the information about the redness and greenness of the distractors to improve performance even though this information by itself could not be used to identify the target, which was defined by the increment in blueness. That is information in different color-coding mechanisms could be combined to facilitate performance.
Aims of this study
In the studies described below, we focused on the interaction between target and distractor heterogeneity as in the Bravo and Nakayama (1992) and Palmer and Teller (1993) studies. We tested the hypothesis that if heterogeneity in targets and distractors had no effect on signals in the color-coding mechanism used to discriminate the target from distractors and the color-coding mechanism used to discriminate the target was consistent from trial to trial, then the heterogeneity would have no effect on search performance. This hypothesis was based on the TreismanÕs (1988) explanations of heterogeneity effects described above.
In the first two experiments we investigated the effects of target and distractor heterogeneity across trials, as in the Bravo and Nakayama (1992) study, in conditions referred to as the ''Across'' conditions below. Distractors were homogeneous within each display but the appearance of both the target and distractors varied along one Cardinal axis across trials. The target differed from distractors along a different Cardinal axis, which was consistent from trial to trial. A major difference between this experiment and the Bravo and Nakayama (1992) study was that stimuli in this study were chosen to ensure that the same Cardinal color-coding mechanism signaled the difference between targets and distractors from trial to trial.
We also investigated the effects of distractor heterogeneity within trials combined with target heterogeneity across trials, as in the Palmer and Teller (1993) study, in conditions referred to as ''Within'' conditions. The target varied from trial to trial, much as it did in the ''Across'' condition, but the distractors also varied within each display. Results in these two conditions were compared with results in a baseline conditions with no heterogeneity, referred to as ''None'' conditions. Distractors were homogeneous within each display and the appearance of the target and distractors was consistent from trial to trial (see Table 1 for a summary of conditions in the first two experiments).
In the first two experiments, variation in the distractors within a display or in the target across trials was always along a Cardinal axis other than the one that defined the difference between target and distractors. The target was defined by a difference along a Cardinal axis that was consistent from trial to trial, and a cue at the beginning of the block of trials informed the observer as to the nature of this difference. Thus, effects of heterogeneity found in the first two experiments could not be due uncertainty about the color difference or feature difference defining the target, or the need to monitor more noisy signals from more neural mechanisms (e.g. Graham, 1989; Palmer et al., 2000) .
We chose stimuli from the Cardinal axes in color space because many previous studies of color discrimination have suggested that these axes represent independent neural color-coding mechanisms (see reviews by Lennie & DÕZmura, 1988; and Eskew, McClelland, & Giulianini, 1999) , and results of previous studies of color search also were consistent with the assumption that the Cardinal axes represent independent neural mechanisms in search tasks (Nagy, 1999; Nagy & Winterbottom, 2000; Nagy & Thomas, 2003; Nagy et al., 2004) .
Experiments 3 and 4 were aimed at further investigating whether the effects of heterogeneity revealed in the first two experiments were sensory in nature (i.e. resulting from a reduction in the perceptual difference between target and distractors with the introduction of heterogeneity), or perhaps attentional in nature. Results of the last two experiments further support attentional explanations for both target and distractor heterogeneity effects in these experiments.
General methods
Equipment
Stimuli were generated on a color monitor driven by a Radius Thundercard in a PowerMac 8500. A 17-inch Nanoa T2 color monitor was used for the first two experiments and a 19-inch Sony GDM F520 monitor was used for the last two experiments. Both monitors were calibrated with a Minolta CS-100 Chromameter, which was used to measure the chromaticities of the phosphors and to generate look-up tables containing the phosphor luminance for each 8-bit DAC value. The lookup tables were used with another computer program, which searched for the DAC values required to produce a color of desired chromaticity and luminance using a least squared error criterion. This program was used to generate values for the stimuli that were to be used in the experiments and to save them in a text file that could be read by the experimental program. The calibration data were converted to cone excitations as described by MacLeod and Boynton (1979) and the chromaticities of the stimuli were chosen in the cone excitation chromaticity diagram similar to that described by MacLeod and Boynton (1979) . However, we refer to chromaticity coordinates on the axes of this space as L and S coordinates, rather than R and B, since this has become more common usage, and excitation of S cones was scaled so that an equal energy white stimulus would have an S chromaticity of 1.0 (see Boynton, 198X).
Stimuli
In all experiments the stimuli were small disks .125°i n diameter presented on a uniform white background (subtending 10 · 13.4°of visual angle) that was continuously present during the experiments. The background field was set to a luminance of 5 cd/m 2 and a chromaticity of L = .662, S = 1.04. The disks were presented at locations within an annular region (inner radius of 2.5°, outer radius of 3.0°of visual angle) centered on the color monitor. With one exception to be described below, 10 stimuli were presented on each trial in all experiments. Five were presented to the left of the fixation point and five were presented to the right. The stimuli on each side of fixation were separated by approximately 30°of angular separation with larger 60-degree gaps between the stimuli nearest a vertical line through the fixation point. The location of each stimulus was randomly jittered from trial to trial so that the x and y coordinates varied by as much as plus or minus .38°of visual angle (see Fig. 1 ).
In the first experiment the luminance of the stimuli was fixed at 7.35 cd/m 2 , a contrast ratio of .47, and target and distractor stimuli were set to various different chromaticities. In the second experiment distractor stimuli varied in luminance and target stimuli differed from distractors in chromaticity.
Procedures
The color monitor was viewed from a distance of 1.4 m in a dark room with flat black walls and flooring so that little was visible other than the stimuli on the monitor. A chin rest was used to stabilize head position. A spatial two-alternative forced choice procedure was used in all experiments. The target stimulus appeared among the distractor stimuli on every trial and the observerÕs task was to indicate whether the target appeared to the left or the right of the fixation point. The presentation of a small dim fixation cross at the center of the annular region in which the stimuli appeared indicated the beginning of a trial. One second after the onset of the fixation cross, color table animation was used to present the stimuli for 15 frames or approximately 200 ms. One-half second after the offset of the stimuli, the cursor appeared with a vertical line in the middle of the screen. The observer placed the cursor to the left or right of the line to indicate that the target had appeared to the left or the right, and depressed the mouse button to record the response. The cursor and vertical line were erased and the fixation cross was presented after a short delay to indicate the beginning of the next trial. A tone was used to give feedback when the observer made an error.
In the first two experiments, an experimental session consisted of three different blocks of trials representing the three different heterogeneity conditions (see Table  1 ). In the first experiment targets always differed from distractors in S chromaticity and any heterogeneity was introduced in L chromaticity. In one block, consisting of 50 trials, distractors were homogeneous and the target differed from the distractors in S chromaticity. The same target and distractors were presented on every trial so there was no heterogeneity in this block of trials. Therefore, this condition is referred to as the ''None'' condition (see upper panel of Fig. 2 ). The L chromaticity of all of the stimuli was fixed at .662. Threshold was measured at only this one L chromaticity in the None condition because previous experiments with nine observers (Nagy & Thomas, 2003; Nagy et al., 2004) have shown that varying the L chromaticity of the stimuli had no effect on thresholds measured in the +S direction in homogeneous conditions such as this.
In a second block, consisting of 150 trials, distractors were again homogeneous within each display and targets were again identical to distractors in L chromaticity and luminance and differed from distractors only in S chromaticity. The L chromaticity of both the target and the distractors varied randomly from trial to trial. The L chromaticity was chosen from three different values, which appeared red, white, and green (see middle panel of Fig. 2 ). The block included 50 trials for each of these L chromaticities. This condition is referred to as the ''Across'' condition, because within each display the distractors were homogeneous, but the appearance of both target and distractors varied across trials.
In the third block, consisting of 150 trials, the distractors within each display varied in L chromaticity with a different L chromaticity assigned to each of the nine distractors. The same set of nine L chromaticities (circular symbols in bottom panel of Fig. 2 ) was randomly assigned without replacement to the nine distractor stimuli on each trial. The target again differed from distractors in S chromaticity, but the L chromaticity of the target was randomly selected on each trial from the three values used in the Across condition (filled symbols in bottom panel of Fig. 2 ) with 50 trials for each target chromaticity. Prior to the block of trials, observers were informed that the target with the increment in S chromaticity might be either red, white, or green in appearance on any trial. Chromaticities were randomly assigned to stimulus locations on each trial with one restriction. The target and the distractor that shared its L chromaticity value were always presented at randomly chosen locations on opposite sides of the fixation point. This condition is referred to as the ''Within'' condition since heterogeneity occurred within each display.
On half of the trials within each block, the target stimulus was presented on the left side of the display on the other half of the trials it was presented on the right. The location of the target stimulus was chosen randomly. The same target-distractor difference in S chromaticity was used for the three different types of blocks run in one session. It took approximately an hour to complete the session. In different sessions target-distractor S differences were varied to cover the range from near chance to near perfect performance. A minimum of five different levels of target distractor difference was completed for each of the three conditions. A Weibull function was fit to the percent correct plotted as a function of the difference in S chromaticity in order to estimate the chromaticity difference corresponding to 75% correct, and this difference was taken as an estimate of threshold for each condition. Each set of data was repeated a second time to get a second estimate of threshold for each observer and the two threshold estimates were averaged. Thus each estimate of threshold for each observer in each condition was based on at least 500 trials. Experiment 2 was similar in design, but the target always differed from distractors in L chromaticity, and heterogeneity in luminance was introduced (see Table 1 ).
Subjects
Seven observers including three males and four females participated in the first experiment. Three of these observers, one male and two females, completed the second experiment, and one, a male, completed the third and fourth experiments along with two new observers, a male and a female. The observers ranged in age from approximately 20 to 30 years. All had normal color vision as indicated by performance on the Ishihara Pseudoisochromatic plates and normal, or corrected to normal, visual acuity as indicated by self report. All of the observers had at least a moderate amount of practice at the task before the data reported here were collected. Two of the observers in the first two experiments had some knowledge of the purpose of the experiments and are authors, K.E.N. and T.L.Y., on this manuscript. In the None condition (illustrated in the upper panel) the chromaticity of the distractors (filled circle) was fixed both within a display and across trials. Targets differed from the distractors in S chromaticity as indicated by the vertical arrows. In the Across condition (middle panel) the chromaticity of the distractors was fixed within a display but randomly chosen from the three values indicated by the filled circles on each trial. In the Within condition (bottom panel) each distractor in a display was assigned one of the 9 chromaticities indicated by the circular symbols. Targets differed from distractors in S chromaticity. The L chromaticity of the target was randomly selected from one of three values indicated by the filled circles on each trial.
Experiment 1: Stimuli varying in chromaticity
The circular symbols in Fig. 3 show the chromaticities of the distractor stimuli for the first experiment plotted in the cone excitation chromaticity diagram. In the None condition the distractor chromaticity was fixed at the chromaticity of the filled point in the center of the array of distractor chromaticities (L = .662, S = 1.04, Luminance = 7.35 cd/m 2 ), which was also the background chromaticity (Luminance = 5 cd/m 2 ). The arrow extending upward indicates that targets differed from distractors in having a higher S chromaticity value.
In the ''Across'' condition the distractors within each display were again identical or homogeneous, and randomly set on each trial to one of the L chromaticities indicated by the three solid circles in Fig. 3 . The target had the same L chromaticity as the distractors but the S chromaticity of the target was again set to a higher value. The observer had no information about which L chromaticity might appear prior to the presentation of the stimuli. In the ''Within'' condition each of the nine chromaticities indicated by the circular symbols in Fig. 3 was assigned to one of the distractors. The L chromaticity of the target again was chosen randomly from one of the three filled symbols and the target again differed from the nine distractors in having a higher S chromaticity value.
The other symbols in Fig. 3 indicate the mean thresholds in each condition. Error bars, which are in some cases approximately the size of the symbol, indicate plus and minus 1 standard error of the mean across observers. Mean threshold in the None condition is indicated by the open square. Mean thresholds in the Across (· symbols) and Within (solid triangles) conditions do not appear to vary as a function of the L chromaticity of the target, suggesting that the threshold in the S direction is independent of L chromaticity as has previous work (Nagy & Thomas, 2003; Nagy et al., 2004) . Separate regression analyses of the thresholds in the Within and Across conditions with different color conditions entered as dummy coded variables (Cohen & Cohen, 1983) confirmed that thresholds did not vary significantly with color. The adjusted R 2 values were equal to zero for both the Across condition (F(2, 18) = .876, p = .433) and for the Within condition (F(2, 18) = .360, p = .702). Results were consistent with the assumption that the Cardinal mechanisms represent independent neural mechanisms in search tasks, as were results of previous experiments (Nagy, 1999; Nagy & Winterbottom, 2000; Nagy & Thomas, 2003; Nagy et al., 2004) . Although there may be small individual differences in the precise orientation of the Cardinal axes, any such differences appear to be small enough so that variation in the L chromaticity of the stimuli has no effect on thresholds in the S direction.
Thresholds in the Within condition appear to be higher than in the Across condition and thresholds in the Across condition appear to be higher than those in the None condition. Since the L chromaticity of the target had no effect on threshold, we collapsed across L chromaticity to get a single mean threshold for each observer in the Across and Within conditions in order to compare thresholds across the three conditions. A regression analysis with display conditions entered into the regression equation as dummy coded variables as suggested by Cohen and Cohen (1983) indicated that threshold did vary significantly with display condition (adjusted R 2 = .48, F(2, 18) = 10.24, p < .01). With a criterion value set to p < .025 so as to correct for familywise error rate, the unstandardized coefficients in the regression equation for both the Across (B = .08, t = 2.51, p < .025) and Within (B = .14, t = 4.52, p < .001) conditions differed significantly from zero indicating that thresholds in both of these conditions were reliably higher than in the None condition. Mean threshold in the Across condition was approximately 1.2 times the threshold in the None condition and mean threshold in the Within condition was approximately 1.36 times mean threshold in the None condition.
Experiment 2: Stimuli varying in luminance
The design of the second experiment was identical to that used in Experiment 1 with the exception that targets and distractors varied in luminance rather than chromaticity. The S chromaticity of the stimuli was fixed at value of approximately 2.5 so that all of the stimuli appeared distinctly bluish in comparison to the background (L = .662, S = 1.04, Luminance = 5 cd/m 2 ) and were easily visible against the background regardless of their luminance level. The circular symbols in Fig. 4 indicate the L chromaticity and luminance of the distractors used in Experiment 2. Targets differed from distractors in L chromaticity as indicated by the upward pointing solid arrows. The dashed arrow indicates the luminance of the background. In this experiment thresholds in the +L chromaticity direction were measured at each of the three luminances indicated by the filled circular symbols in the None, Across, and Within conditions.
The other symbols in Fig. 4 indicate the mean threshold across observers in each condition plotted as a function of the luminance of the target stimulus. Error bars, which are again in some cases approximately the size of the symbols, indicate plus or minus 1 standard error of the mean across observers. Thresholds vary with luminance level in all three conditions. Mean threshold is highest at the lowest stimulus luminance level, which was somewhat below the background luminance, and is approximately the same magnitude at the two luminance levels above the background level. Thresholds in the None (open squares) and Across (· symbols) conditions appear to be similar regardless of the luminance level, but thresholds in the Within condition (solid triangles) appear to be higher than in the other two conditions across all luminance levels. A hierarchical regression analysis, with luminance levels and display conditions entered as dummy coded variables, was performed as suggested by Cohen and Cohen (1983) . In the first step the dummy variables coding luminance levels were entered into the regression equation as a set. The analysis indicated that threshold varied significantly with luminance level (adjusted R 2 = .55, F(2, 24) = 16.82, p < .001). On the second step dummy coded variables for the conditions were entered into the regression equation as a set. The adjusted R 2 increased to .723 when conditions were added to the regression equation. An F test to determine whether the increase in R 2 was significant was conducted using the procedure described by Cohen and Cohen (1983) . The result suggested that the increase in variance accounted for was significant (F(2, 22) = 8.58, p < .01). With a criterion value set to p < .0125 to correct for family-wise error rate, the unstandardized coefficient in the final regression equation for the low luminance level (B = .018, t = 6.59, p < .0001) differed significantly from zero, but the unstandardized coefficient for the medium luminance level (B = .001, t = .36, p = .72) did not approach significance, indicating that thresholds increased at the low luminance level relative to the other two luminance levels. The unstandardized coefficient for the Within condition (B = .01, t = 3.73, p < .01) differed significantly from zero, but the unstandardized coefficient for the Across condition (B = .0008, t = .31, p = .76) did not approach significance. In this experiment mean threshold in the Across condition was similar (1.04 times) to mean threshold in the None condition. The mean threshold in the Within condition was again larger (1.43 times) than mean threshold in the None condition. Results indicate that variation in the luminance of the targets and distractors from trial to trial in the Across condition had little effect on threshold as compared with the None condition, but variation in the luminance of the distractors within each display in the Within condition did increase thresholds.
Summary of Experiments 1 and 2
The results of both experiments suggest that heterogeneity has a negative effect on performance. Heterogeneity in the targets and distractors across trials (Across condition) had a small, but a significant, effect in Experiment 1 and almost no effect in Experiment 2. Heterogeneity in the distractors within each display and in the target across trials (Within condition) had a larger effect in both experiments.
Experiment 3: Distractors varying in L and S chromaticity
In this experiment we tested the hypothesis that effects of target and distractor heterogeneity in the first two experiments were attentional in nature rather than sensory. We sought to determine if the presence of heterogeneous distractors had any effect on thresholds for detecting a target stimulus when location or color cues could be used to select a subset of relevant stimuli. Three observers, including one observer who had completed Experiments 1 and 2, completed these experiments. The experiments were conducted with a Sony GDM F520 color monitor, but the procedures and stimulus displays were nearly identical to those in earlier experiments. The major differences were in the choice of stimulus colors and in some conditions the use of color or location cues. The background was again set to an approximately white chromaticity (L = .665, S = .988) and a luminance of 5.14 cd/m 2 . Stimuli were presented at a positive luminance contrast ratio of .47 in the same annular region centered on a fixation point as in the first two experiments. The None and Within conditions from Experiments 1 and 2 were employed with a few variations. In the None condition target and distractor chromaticities were again fixed within each display and across the trials of a block, but thresholds were estimated for stimulus set sizes of 2 and 10. The distractor chromaticity is indicated by the filled circular symbol in Fig. 5 . Observers were required to detect a target stimulus with an increment in S chromaticity as indicated by the vertical arrow. A cue at the beginning of the block of trials informed the observer as to the colors of the target and the distractors.
In the Within conditions distractors were chosen so that they varied along both Cardinal axes as illustrated in Fig. 5 . Each of the nine chromaticities indicated by the circular symbols was randomly assigned to one of the distractor stimuli on each trial. The target stimulus again shared the L chromaticity of the filled circular disk in Fig. 5 , but had a higher S chromaticity value. The distractors were deliberately chosen so as to vary along both axes in this way in order to determine whether the presence of variation in signals in either Cardinal color mechanism might have an effect on the sensitivity along the S Cardinal axis, which the observer must use to discriminate the target from the most similar distractor.
The within conditions are referred to as ''WithinCued'' because they differed from those employed in Experiments 1 and 2. Either the location, or the color, of the target stimulus was used as a cue to indicate to the observer the two stimuli, the target and the most similar distractor, that were relevant to the task. When location served as the cue, the target stimulus and the distractor that shared its L chromaticity were always presented in the locations nearest an imaginary horizontal line drawn through the fixation point. Observers were instructed that only the two stimuli nearest the imaginary horizontal line were relevant to the task and that the stimuli presented at the other eight locations were irrelevant in this condition. On each trial the target and the most similar distractor were randomly assigned to the two locations on the left and on the right that were nearest the horizontal line through the fixation point. The observerÕs task was to indicate whether the target was to the left or the right of fixation.
When color served as the cue, a prompt at the beginning of each block of trials indicated to the observer that one of the two stimuli with the lowest L chromaticity (most green in appearance) would contain the target increment. Target and distractor chromaticities were randomly assigned to stimulus locations on each trial with one restriction. The target and the distractor that shared its L chromaticity were always presented on opposite sides of the fixation point, but they could occur in any one of the five locations on either side of the fixation point.
The other symbols in the None conditions with relevant set sizes of 2 and 10, respectively. Increasing set size increased threshold by a factor of 1.68. The filled diamond and the filled square indicate thresholds for the conditions with heterogeneous distractors when location and color, respectively, served as the cue. Thresholds in these two conditions were very similar to those in the None condition with a set size of 2 (open triangle). Results indicate that when information about the location, or the L chromaticity, of the target could be used to select the two relevant stimuli, the presence of the varying distractor stimuli had little or no effect on threshold. Fig. 6 shows results from a similar experiment with distractors that vary in luminance and S chromaticity (circular symbols). The luminance contrast ratio of the stimuli was always .47, or greater, so that the stimuli were always easily visible against the background regardless of their chromaticity. The three observers that participated in Experiment 3 also completed this experiment. The task was to detect an increment in the luminance of the stimulus with the highest value of S chromaticity (filled circle). In the None conditions increasing set size from 2 to 10 stimuli increased threshold by a factor of 1.36. In the two conditions with heterogeneous distractors and location (filled diamond) or color (filled square) cues, thresholds again were similar to thresholds with a set size of 2. Error bars indicating plus or minus 1 standard error of the mean are approximately the size of the symbols. As in Experiment 3 the presence of the varying distractors had little or no effect on threshold when location or chromaticity cues could be used to select the two relevant stimuli. Fig. 7 shows a comparison of results from all four experiments. In order to compare results across the different experiments in which thresholds were measured in different units along different Cardinal axes, and with different sets of observers, we expressed the thresholds as a proportion of the threshold in the None condition with set size of 10. This condition was included in all four experiments. For each individual observer in each experiment, threshold in each condition was divided by threshold for that observer in the None condition with set size of 10. The mean ratio and the standard error of the mean across observers were then calculated for each condition of each experiment. These are shown in the histogram plot of Fig. 7 . Five different conditions from the four experiments are shown along the abscissa. All of these conditions employed a stimulus set size of 10 with the exception of the condition labeled ''Set Size 2''. With a criterion value set to p < .01 to correct for family-wise error rate, a set of five t-tests was used to evaluate the mean ratios in the five conditions shown in Fig. 7 .
Experiment 4: Distractors varying in luminance and S Chromaticity
Summary
Thresholds in the Across and Within conditions of Experiments 1 and 2 are as large or larger than thresholds in the None conditions as indicated by mean ratios greater than 1. We pooled all of the ratios from all of the subjects (seven different individuals) and all of the chromaticities (three) and luminance levels (three) in the Across and Within conditions of Experiments 1 and 2. This resulted in a sample of 30 ratios in each condition. If the heterogeneity had no effect, the expected value of the ratio in each condition would be 1. Simple t-tests were used to determine if the mean ratios in the across (mean = 1.13, SEM = .03) and within (mean = 1.39, SEM = .05) conditions of Experiments 1 and 2 differed significantly from 1. The mean ratio in the across condition (t(29) = 3.85, p < .001) and in the within condition (t(29) = 8.308, p < .001) differ significantly from 1. Results in these conditions indicate that variation in the color of the target and the distractors increased threshold.
In comparison mean ratios in the three conditions from Experiments 3 and 4 were similar and appear to be less than 1. We pooled the ratios for the set size of 2, color cue, and location cue conditions from all three subjects in the two experiments (six ratios in each condition). A simple t-test (t(5) = 9.40, p < .001) indicated that the mean ratio with a set size of 2 was significantly less than 1, suggesting that thresholds increased with the number of stimuli attended in the None condition. A paired two sample t-test indicated that the mean ratio in the location cue condition (mean = .63, SEM = .05) did not differ significantly from the mean ratio (mean = .66, SEM = .07) with a set size of 2 (t(5) = .52, p = .63). The mean ratio in the color cue condition (mean = .75, SEM = .06) was slightly greater than the mean with a set size of 2 (t(5) = 5.08, p < .01) though it was again significantly less than one. Results suggest that when location or color cues can be used to select the two stimuli relevant to the task the presence of the other eight heterogeneous stimuli in the display had little or no effect on threshold. The effect of cuing two stimuli with location or color information was similar to reducing the number of stimuli in the display to 2.
General discussion
Experiments 1 and 2
The initial hypothesis that heterogeneity in targets and distractors that has no effect on signals in the neural mechanisms used to discriminate the target from distractors should have no effect on search performance was not supported. In Experiment 1 variation in the L chromaticity of both the targets and distractors in the Across condition had no effect on the S threshold for detecting the target. Similarly, variation in the L chromaticity of the target in the Within condition had no effect on the S threshold for detecting the target. This aspect of the results in both conditions is consistent with the notion that the neural color signal used to detect the target is independent of the L chromaticity of the stimuli, which is presumed to be coded by a different neural color-coding mechanism and that the Cardinal axes represent independent color mechanisms. Previous work discussed above (Nagy & Thomas, 2003; Nagy et al., 2004 ) also suggests that variation in the L chromaticity of the stimuli has no effect on S thresholds in homogeneous conditions similar to the None condition. Yet the thresholds in the Across and Within conditions are significantly higher than those in the None condition with no heterogeneity. In this experiment variation in the L chromaticity of the stimuli, which has no effect on threshold, raises threshold when it is introduced as heterogeneity across or within trials. The results in Experiment 2 differed from those in Experiment 1 in two respects. In the None condition of Experiment 2, thresholds for detecting the target when the stimuli were dimmer than the background were significantly higher than thresholds for stimuli that were brighter than the background. Thresholds in the Within condition were significantly higher than thresholds in the Across and None conditions at all three target luminance levels, but thresholds in the Across and None conditions were similar. The increase in threshold in the Within condition, expressed as a proportion, did not vary significantly with the luminance level.
Results from both experiments suggest that observers cannot always ignore varying signals in neural mechanisms that are not used to discriminate target and distractors. The results suggest that target and distractor heterogeneity may impair performance on search tasks even when it produces variation in visual signals in neural mechanisms that are not used to discriminate the target from distractors. Heterogeneity effects in these experiments cannot be due to the need to monitor more feature coding mechanisms in the heterogeneous conditions (Treisman, 1988 ; see also Davis et al., 1983; Graham, 1989; for discussions of the effects of monitoring more neural coding mechanisms), because the color differences that must be used to discriminate target from distractors were consistent from trial to trial and across conditions in both experiments. That is the observer need monitor only color mechanisms signaling S chromaticity in Experiment 1, or color mechanisms signaling L chromaticity in Experiment 2, in order to detect the target.
Experiments 3 and 4
Results from Experiments 3 and 4 provide further evidence that both target and distractor heterogeneity effects may be attentional rather than sensory in nature, because the same kinds of variations either have no effect in the None conditions, or can improve performance when they serve as cues and provide useful information as in Experiments 3 and 4. Experiments 3 and 4 confirm that the presence of variation in the distractors within a display does not alter the sensitivity to the target-distractor difference even when that variation causes varying signals in the Cardinal color mechanism that signals the relevant target-distractor difference. The results of these experiments do not support the view, initially suggested by Treisman (1988) , that distractor heterogeneity effects occur only when there is a reduction in the discriminability of the target from the distractors. Certainly when distractor heterogeneity is introduced in such a way as to reduce the sensory difference between the target and distractors, the introduction of heterogeneity can be expected to produce a decline in performance. However, the results of the experiments described here suggest that distractor heterogeneity can also negatively impact performance when it has no effect on the discriminability of the target from the distractors.
''Attentional'' explanations of heterogeneity effects
Here we try to describe further what we mean when we suggest that effect of target and distractor heterogeneity on threshold in the experiments described here may be attentional in nature. The term attention has been used in many different ways in many different contexts. Here, we suggest that the effects of heterogeneity in the experiments described above are not due to sensory interactions between the Cardinal color mechanisms but due to difficulties in attending to the relevant signals from the relevant stimuli. There are at least three possibilities here that can be described as examples. First, the heterogeneity may result in observers monitoring color signals that are irrelevant to the task rather than the relevant signals, resulting in Stroop-like errors. In the Stroop task (see MacLeod & MacDonald, 2000) , the observer is required to name the color of the ink in which a color term is printed. When the color of the ink and the word differ, the word interferes with naming the color of the ink. The Stoop effect might be regarded as a form of misguidance of attention. Though the subject is supposed to ignore the word formed by the spatial pattern of the ink, he/she appears to be unable to do this with complete success resulting in poorer performance for naming the color of the ink when the word and the ink color differ. Applying this interpretation to the experiments described here, we suggest that the observer may attend initially to the color mechanisms signaling the salient variation in the distractors rather than the color mechanism signaling the small difference between the target and distractors, resulting in higher thresholds.
Second, the heterogeneity may result in a form of attentional capture or the focusing of attention on a salient stimulus, which may be irrelevant to the task. There is an extensive literature on the phenomenon called attentional capture (reviewed by Rauschenberger, 2003; Theeuwes & Godijn, 2001; Yantis, 1998) . Attentional capture occurs when a salient stimulus, or stimulus feature, that is known to the observer to be irrelevant to the task appears to interfere with attending to the stimuli that are relevant to the task. An explanation of the capture effect is that the salient stimulus or stimulus feature draws attention to itself exogenously, and narrows the focus of attention to the spatial region containing it. As a result the attentional ''spotlight'', or ''window'', does not include all of the stimuli at other spatial locations that may be relevant to the task. This explanation would suggest that the observerÕs attention may be drawn initially to a particularly salient stimulus in the display. In both the Stroop and attentional capture phenomena, the observer is unable to ignore information, or a stimulus, that is known to be irrelevant to the task. The irrelevant information or stimulus seems to capture attention exogenously resulting in a decrement in performance of the task.
Third, heterogeneity may result in reduced grouping effects or an inability to attend to the relevant signal from all of the stimuli resulting in some relevant signals not being attended. Duncan (1995, see also Duncan and Humphries, 1989) has argued that in search tasks similar stimulus items can be grouped and attended to as a group or rejected as a group. This idea was supported by a recent study by Santhi and Reeves (2004) . They found that spatially grouping distractors that were similar in color improves performance in experiments in which observers must detect a color target among distractors that vary in color. Search times varied with the number of groups rather than the number of distractor stimuli in accord with the Duncan proposal. When the stimuli in the display all differ from each other, as in the Within conditions of Experiments 1 and 2, it may be difficult to group them and direct attention to all of them simultaneously. That is the irrelevant variation may force the observer to attend to small groups of stimuli sequentially, or perhaps one stimulus at a time, resulting in a detriment to performance. The experiments described here do not distinguish between these possibilities but further work may help to distinguish between them.
The difference between Across and Within conditions
The effects of heterogeneity in the Across and Within conditions of Experiments 1 and 2 may be due to somewhat different underlying causes. The increase in threshold that occurs in the Across conditions is small and not consistent across the two experiments. This effect may occur when the variation in the target and distractors interferes with the ability of the observer to attend to the proper color mechanisms (i.e. a Strooplike error). That is, observers may attend to the signal that is changing from trial to trial because of its novelty or magnitude, rather than attending to the signal that can be used to discriminate target and distractors. The fact that there was little difference between the None and Across conditions in Experiment 2 led us to think it possible that extended practice at the task might abolish this effect in Experiment 1. However, two observers repeated Experiment 1 after completing both Experiments 1 and 2, and the effect of the heterogeneity in the Across condition did not decrease for either observer. Perhaps the effect in the Across condition of Experiment 1 would be reduced with practice if observers practiced consistently with the same display condition rather than switching between different types of display conditions within a session as they did in Experiment 1.
The increase in threshold in the Within condition is larger and consistent across the first two experiments. In this condition the distractors within a display vary, but the same set of distractors is presented on each trial, and it is only the appearance of the target stimulus that changes from trial to trial. The change in the target from trial to trial requires the observers to make an attempt to monitor the relevant signal (i.e. the signal that differentiates the target from distractors) from all of the heterogeneous stimuli. The heterogeneity in the stimuli may interfere with the observerÕs ability to monitor the relevant signal from each of the 10 stimuli (i.e. a grouping effect). Palmer and colleagues (Palmer, 1994; Palmer et al., 2000) have shown that observers can attend to signals from as many as 8 or 10 homogeneous stimuli without cost in performance. Thresholds increased with the number of stimuli monitored but the magnitude of the increase was consistent with a signal detection theory based on the assumption that an observer monitors independent but noisy signals from each stimulus.
Comparison with earlier studies of color heterogeneity
An attentional explanation of the heterogeneity effects is consistent with results reported here as well as with previous experiments in which heterogeneity in the color of the distractors within a display reduced threshold (Nagy & Thomas, 2003; Nagy et al., 2004) . In two studies using response time measures of performance, distractor heterogeneity had little effect on search times or a negative effect on performance (Nagy, 1999; Nagy & Winterbottom, 2000) . The effects of distractor heterogeneity on performance in these experiments appear to depend, in part, on whether the variation interferes with, or facilitates, an observerÕs ability to attend to the relevant signals from relevant stimuli. Procedures in the previous studies by Nagy and Thomas (2003) and Nagy et al. (2004) were very similar to those is this study and some of the heterogeneity conditions in these studies were similar to the Within condition in the Experiments 1 and 2. In the two previous studies thresholds in the heterogeneous conditions were significantly lower than in homogeneous conditions similar to the None condition reported here. In Experiments 1 and 2 thresholds were significantly higher in the Within conditions than in the None conditions. A major difference between those studies and the work reported here is that the observer knew which of the distractor colors present in the heterogeneous displays might contain the target increment, whereas in the Within condition of this study observers did not know which of the distractor colors might contain the target increment. We attribute the differences in results to this knowledge. Our interpretation is that knowledge of the distractor color that might contain the target increment permitted observers to direct attention to a subset of the stimuli in the display in earlier experiments resulting in lower thresholds as in the color cue conditions of Experiments 3 and 4. In the Within condition of Experiments 1 and 2, it appears that in the absence of this knowledge, heterogeneity interferes with attending to the relevant signals from all of the stimuli, as suggested above, resulting in higher thresholds.
In the earlier studies by Nagy (1999) and Nagy and Winterbottom (2000) procedures and stimulus displays differed in several important ways from those used here. Possibly, the two most important differences were that response times were measured, rather than thresholds, and the stimulus displays were rather crowded containing 54 stimuli rather than only 10. Palmer (1998) has discussed relationships between response time measures and threshold measures in search tasks. Previous studies have suggested that search performance with crowded displays may differ from search performance with sparse displays (Morgan, Ward, & Castet, 1998; . Observers knew which of the distractor colors might contain the target increment in these two studies, but each display contained many stimuli (nine) presented at this chromaticity rather than just two as in the threshold studies discussed above. Distractor heterogeneity had little effect or a small negative effect on performance in these studies. It may be that positive effects on performance, due to knowledge of the distractor color that contained the target increment, were offset by negative effects of heterogeneity in crowded displays. With crowded displays, distractor heterogeneity may have larger negative effects on performance, which are in part sensory in nature, because signals from neighboring stimuli may interact with each other (see Treisman & Sato, 1990; and Morgan et al., 1998) .
Relation to other explanations of heterogeneity effects
It has often been suggested that mechanisms that mediate the grouping of stimulus items play a role in search tasks and in attending to multiple stimuli. For example, Duncan and Humphries (1989) suggested that search performance degraded with heterogeneous distractors because homogeneous distractors grouped well and could be attended to and rejected as a set. Alternatively, it has been suggested that there are low-level sensory mechanisms that code differences between neighboring stimulus items (e.g. Wolfe, 1994) , or that sensory signals from neighboring stimuli interact at least in crowded displays (e.g. Morgan et al., 1998; Treisman & Sato, 1990) . Heterogeneous distractors would produce larger and more variable signals in such low level mechanisms and thus make it more difficult to detect a target. Yet another alternative is that different internal representations of the stimuli may be used to detect the target when distractor stimuli are heterogeneous and homogeneous (see Rosenholtz, 2001a Rosenholtz, , 2001b . In this view search performance with homogeneous and heterogeneous distractors may differ because different internal representations are used to detect the target depending on the nature of the distractors. We suggest that the results of the experiments described here appear to be more consistent with the hypothesis that heterogeneity in the stimuli within a display interfered with the observerÕs ability to attend to the relevant signals from multiple stimuli rather than with the coding of differences between target and distractors. Experiments 3 and 4 showed that the presence of varying distractors, even distractors that produce varying signals in the color mechanism used to discriminate the target from distractors, had little or no effect on threshold if location, or color, cues indicated that the distractors were irrelevant to the task.
Conclusions
In summary we conclude that variation in the stimuli in a search task can have a negative effect on performance, even when it causes only variations in signals in feature coding mechanisms that cannot be used to discriminate target and distractors and when it can be shown to have no effect on sensitivity to the signals that are used to discriminate the target from distractors. We conclude that these effects are attentional in nature and may be related to the observerÕs ability to attend to the correct signal from each stimulus or the ability to attend to signals from many stimuli.
